Since life is completely dependent on water, it is difficult to gauge the impact of solvent change. To 26 analyze the role of water as a solvent in biology, we replaced water with heavy water (D2O), and 27 investigated the biological effects by a wide range of techniques, using the fission yeast 28 Schizosaccharomyces pombe as model organism. We show that high concentrations of D2O lead to 29 altered glucose metabolism, growth retardation, and inhibition of meiosis. However, mitosis and 30 overall cell viability were only slightly affected. After prolonged incubation in D2O, cells displayed 31 gross morphological changes, thickened cell walls as well as aberrant septa and cytoskeletal 32 organization. RNA sequencing revealed that D2O causes a strong downregulation of most tRNAs and 33 triggers activation of the general stress response pathway. Genetic screens identified several D2O 34 sensitive mutants, while mutants compromised in the cell integrity pathway, including the protein 35 kinase genes pmk1, mkh1, pek1 and pck2, that control cell wall biogenesis, were more tolerant to 36 D2O. We speculate that D2O affects the phospholipid membrane or cell wall glycans causing an 37 activation of the cell integrity pathway. In conclusion, the effects of solvent replacement are 38 pleiotropic but the D2O-triggered activation of the cell integrity pathway and subsequent increased 39 deposition of cell wall material and septation problems appear most critical for the cell growth 40 defects.
Introduction 43
Although in principle life might be possible in other solvents such as ammonia or formamide [1] , life, 44 as we know it, is completely dependent on water. As solvent, water provides a liquid phase that
To determine if the cytoskeleton was affected, wild type cells carrying the LifeAct-GFP actin marker 175 and GFP-tagged α-tubulin (Atb2) were exposed to D2O and analyzed by fluorescence microscopy. 176 In S. pombe the actin cytoskeleton typically appears as cortical patches located mainly at the growing 177 cell tips during interphase and as a contractile ring, which forms during mitosis [32] . The tubulin 178 cytoskeleton is composed of cables that extend between the cell ends in interphase and as a dense 179 spindle between the sister chromatids during mitosis [32] . 180 Upon treatment with D2O, we observed that the actin patches were no longer concentrated at the cell 181 tips, but rather appeared more evenly distributed throughout the cells (supporting information, Fig. 182 S1A). The formation of the contractile ring, however, appeared normal (supporting information, Fig.   183 S1A). In response to D2O, the tubulin cables were shorter, more numerous, and in some cells 184 perpendicular rather than parallel to the cell (supporting information, Fig. S1B ). However, similar to 185 the situation with the actin cytoskeleton in mitosis, the mitotic spindle appeared unaffected by D2O 186 (supporting information, Fig. S1B ). Thus, unlike the situation in mammalian cells [16] , the mitotic 187 spindle was formed and appeared normal even after prolonged incubation in D2O. To test whether the solvent replacement affected cell cycle progression, cells exposed to different 191 concentrations of D2O were analyzed for DNA content by DNA staining and automated microscopy. 192 In S. pombe, cytokinesis normally occurs in S phase and cells in G1 and S phase are therefore binuclear 193 and, by DNA staining, indistinguishable from the cells in G2. Accordingly, the DNA content profile 194 presents as a single 2N peak. After five hours of exponential growth in D2O, the DNA peak remained 195 unchanged. However, we note the appearance of a small population with 4N DNA content 196 (supporting information, Fig. S2A ), which may represent cells that have re-replicated DNA without 197 prior mitosis or cells that have failed to undergo cytokinesis. After 24 hours, when the cultures with 198 low concentrations of D2O had entered stationary phase with some cells arrested in the G1 phase, the 199 1N peak was still not evident for cells grown at 75% or 100% D2O (supporting information, Fig.   200 S2A). This may indicate a reduced progression through mitosis, whereas the sharp 2N peak indicates 201 that the cells spend a relatively short time period in S phase, suggesting that progression through S 202 phase is not strongly affected. To more directly test whether mitosis was affected, the number of cells 203 displaying spindles was determined using the Atb2-GFP strain. After 24 hours in D2O, we observed 204 a small increase in the number of cells with spindles (supporting information, Fig. S2B ), indicating 205 that D2O only causes a slightly slowed progression through mitosis, and the reduced cell growth of 206 S. pombe cells in D2O is therefore most likely caused by an overall slowing of the cell cycle. 207 To test if meiosis was affected, a wild type strain (h 90 ) was starved for nitrogen in the presence of 208 H2O or D2O. After two days, multiple asci were evident for the cells grown on the H2O control 209 medium, whereas for cells incubated on D2O medium we were never able to detect any asci 210 (supporting information Fig. S3 ). Accordingly, iodine stained the starch in spore walls dark for the 211 cells on the H2O medium, but failed to stain the cells on the D2O medium (supporting information 212 Fig. S3AC ), suggesting that zygote formation and/or meiosis is severely inhibited by D2O. Using 213 diploid cells, we observed numerous asci when the cells were incubated in H2O, but only a few asci 214 for cells on D2O medium (supporting information Fig. S3BC ). Collectively, these data indicate that 215 D2O inhibits mating and meiosis. An obvious hypothesis is that the mating defect, at least in part, is 216 caused by the D2O-induced cell wall thickening. when S. pombe is fed glucose in D2O. In particular, we noted the accumulation of a large pool of α-231 glucose-6-phosphate (α-G6P) ( Fig. 3A , blue insert), suggesting that the α anomer is being 232 metabolised more slowly in D2O. Whereas β-G6P is readily used as a substrate in the pentose 233 phosphate pathway (PPP), α-G6P must be converted to β-G6P for use in PPP or to β-fructose-6-234 phosphate (β-F6P) for use in glycolysis. A single enzyme, glucose-6-phosphate isomerase (GPI, EC 235 5.3.1.9), is responsible for both types of isomerase activities (https://www.genome.jp/kegg/). The PPP 236 was indeed active, as demonstrated by the signals from 6-phosphogluconate (6PGA) (Fig. 3A , red 237 insert). The 6PGA pool was approximately twice as large in D2O as in H2O. That the activity of PGI 238 could be negatively affected by the exchange of H2O for D2O is plausible since the mechanism of 239 catalytic isomerization involves several proton transfer steps [36] .
240
The doublet signal at about 179.4 ppm, assigned to gluconate (GA) (Fig. 3A) , confirms that the 241 gluconate shunt is active in S. pombe cells [37, 38] . In 30-sec. time-resolved data (supporting 242 information, Fig. S4 ) only gluconate could be detected and the gluconate shunt seemed to be 243 unaffected by D2O.
244
The accumulation of α-G6P in the D2O-exposed cells is already apparent after 2 minutes of incubation 245 with the glucose tracer (supporting information, Fig. S5 ). However, in order to facilitate 246 quantification and comparison of the amount of G6P under the two studied conditions, exposure times 247 of 10 minutes were used, revealing an about 8 times larger pool of G6P in D2O exposed cells (Fig. 248 3B). In summary, glycolysis as well as the pathway leading to PPP are affected negatively by an 249 inhibition of α-G6P isomerization in S. pombe cells exposed to D2O (Fig. 3C ). We conclude that, 250 under these conditions, S. pombe cells use a highly active gluconate shunt to produce PPP metabolites 251 from glucose, which allow the cells to bypass GPI. 4AB). In total, we could assign read counts to 6992 of 7015 annotated genes in the S. pombe genome.
259
By setting a significance cut-off of absolute log2 fold change ≥2 between the groups and adjusted p 260 values ≤ 5% (false discovery rate, FDR), we identified 178 genes that were significantly up-261 regulated, while 38 genes were significantly down-regulated after five hours with D2O. After 24 262 hours in D2O 284 genes were significantly up-regulated and 51 genes were significantly down- When analyzing the differentially expressed genes, we noted a strong D2O-dependent down-270 regulation of several cytosolic and mitochondrial tRNAs (Table S1 ). This is in line with earlier 4F). Conversely, pre-incubating cells for 5 hours with 100% D2O led to an increased survival of 285 cells after a severe heat shock ( Fig. 4G ) and an increased growth in the presence of H2O2 ( Fig. 4H ).
286
This suggests that the D2O-triggered induction of the stress-response genes leads to increased 287 tolerance towards heat-shock and oxidative stress conditions. 288 289
Screening the S. pombe gene deletion library for D2O sensitive or D2O resistant mutants 290
Previous studies in budding yeast have shown that heavy water sensitivity is a conditional phenotype 291 and that a loss-of-function mutant in ASP5, encoding an aspartate aminotransferase, is hypersensitive 292 to D2O [20] . As a next step, we therefore explored the genetic requirements for D2O tolerance by 293 individually screening 3233 different mutants from the fission yeast haploid gene deletion collection 294 for hypersensitivity to D2O on solid media.
295
Stationary phase cells were replica plated in 384-pin format onto YES plates with 0% or 100% D2O. 296 This concentration of D2O was used because it completely blocked growth of a deletion strain in the 297 ASP5 orthologue in fission yeast, caa1, but also impaired the growth of wild type cells ( Fig. 5A ), so 298 both D2O hypersensitive and resistant mutants could be scored. We selected mutants with reduced 299 growth on D2O medium, but excluded mutants with slow growth on 0% D2O medium. This led to 39 300 mutants scored as D2O sensitive ( Table 1 ). We noted that the positive control, caa1Δ, was among 301 these. We also isolated one mutant, pmk1Δ, deleted for the gene encoding the Pmk1 MAP kinase that 302 appeared resistant to D2O.
303
To assess the validity of the screen, we tested selected D2O sensitive mutants and the pmk1Δ strain 304 in growth assays on solid media. This revealed that the pmk1Δ strain was slightly resistant to D2O, 305 while the selected sensitive mutants all displayed a reduced D2O tolerance ( Fig. 5B ). In addition, To obtain further insight into the biological effects of the solvent replacement, we set up a screen for 313 spontaneous D2O resistant mutants. Wild type cells were inoculated in 100% D2O rich medium in 20 314 separate tubes and incubated at 30 °C. After about one week, slight growth was apparent in four of 315 the tubes, suggesting that independent spontaneous mutations that allowed for D2O tolerance had 316 occurred in these cultures. To avoid selecting clones, cells from each culture were spread on 100%
317
D2O plates and only one well-isolated large colony from each plate was selected. This led to the 318 isolation of three independent heavy water resistant (hwr) mutants (hwr1-3), that all displayed a 319 markedly increased growth in the presence of D2O, but otherwise appeared normal (Fig. 6A) . The 320 increased tolerance to D2O was also evident on 100% D2O minimal media (supporting information, 321 Fig. S7 ). However, the hwr mutants were not resistant to the slight growth inhibitory effect conferred 322 by deuterated glucose on minimal medium (supporting information, Fig. S7 ), indicating that the 323 isolated hwr mutants were specifically tolerant to the solvent replacement effect.
324
Since the isolated hwr strains were the result of spontaneous mutations, as opposed to mutagenesis 325 induced by chemicals or irradiation, we reasoned that their genome sequences were likely highly 326 similar with the exception of the mutations causing D2O resistance. We therefore analyzed the hwr 327 strains and their wild type parent by whole genome sequencing using Illumina HiSeq2000 high-328 throughput sequencing technology. The average sequence coverage was greater than 1000 reads/bp 329 for all samples. The full sequencing datasets are deposited at the Sequence Read Archive 330 (https://www.ncbi.nlm.nih.gov/sra; accession no. SRP161455). Comparison of obtained sequences 331 from the hwr strains and the wild type control revealed a match, except for the listed changes (Table   332 2, and supporting material file 2).
333
When studying the mutated genes in the hwr1-3 strains (Table 2), we noticed that several have been 334 linked to tRNA metabolism (gta2 and trm72) and cell wall formation (pck2, mkh1 and pek1). The 335 kinases Pck2, Mkh1 and Pek1 were mutated in the hwr3, hwr2 and hwr1 strains, respectively. These were not included in the screened knock-out library. The pek1 and mkh1 mutations both result in 341 frame shifts in regions encoding the respective kinase domains of Pek1 and Mkh1 that we predict will 342 cause loss of function, while pck2 contained a missense mutation (supporting information, Table S2 ).
343
These changes were confirmed by PCR and Sanger sequencing (supporting information, Fig. S8 -344 S10). We therefore continued to test if the D2O tolerant phenotype was also evident in the independent 345 pck2-8, mkh1Δ, and pek1Δ strains. Indeed, in growth assays, these strains appeared more resistant to 346 D2O than wild type cells ( Fig. 6C ), thus phenocopying the hwr strains. In agreement with this, the 347 cell septation problems observed for wild type cells in D2O were reduced in the hwr strains ( Fig. 6D ).
348
The conclusions above suggest that D2O activates the cell integrity pathway and blocking this 349 pathway leads to an increased fitness at high concentrations of D2O, presumably by limiting synthesis and life as such is unique. In some ways it can be compared to changing pH, which also implies 364 global solvent effects, but contrary to shifts in pH, which are common in nature and has well-defined 365 biological responses, a shift to D2O is completely abiotic and something that we can say with 366 absolute certainty that cellular responses have not experienced before. Thus, querying the effects of 367 D2O on cellular growth and metabolism highlights subtleties of the biophysical properties of H2O as 368 solvent for biological processes. A priori one would expect that the toxic effects of replacing H2O 369 with D2O would be the sum of multiple smaller pleiotropic effects, and it is therefore surprising that 370 this work demonstrates that modification of a single signaling pathway is sufficient to overcome the 371 growth defect induced by the solvent replacement. 
391
One of the direct effects of the solvent exchange that we observed was on the central metabolism, 392 where we directly and on a very short time-scale (2 minutes) noted a clear accumulation of α-G6P, 393 suggesting that G6P isomerase is inhibited. The solvent exchange also led to an activation of a general 394 stress response pathway. Typically, this pathway is provoked by protein misfolding events, 395 suggesting that solvent exchange may destabilize proteins in vivo. However, inducing molecular 396 chaperones through a heat shock prior to incubation with D2O did not protect cells from the D2O-397 induced growth retardation. This indicates that activation of the stress response pathway is not tuned 398 to counter the adverse effects of the solvent exchange, although it has been reported that 399 overexpression of Hsp70 may protect budding yeast cells from D2O [55] . In line with chaperones 400 being unable to protect fission yeast cells against D2O, we were unable to adapt S. pombe to growth 401 at higher D2O concentrations and we did not identify any chaperone mutants as hypersensitive or 402 resistant to D2O. Conversely, it was not surprising to find that pre-treating cells with D2O led to an 403 increased tolerance towards heat and oxidizing conditions, which is most likely caused by the D2O-404 induced activation of the stress response pathway. The activated stress response and slow growth 405 phenotypes are probably also connected with our observation that exposure to D2O caused a strong 406 decrease in the expression of several tRNAs. In budding yeast and in bacteria it has been shown that 407 tRNAs are degraded in response to stress conditions [56, 57], and we speculate that perhaps a similar 408 mechanism operates in S. pombe. 409 The multiple effects, we observed for cells in the presence of D2O, not surprisingly, suggest that the 410 effects of the solvent exchange are pleiotropic. Accordingly, it is easy to imagine a number of genetic 411 defects that may cause cells to become hypersensitive to D2O. However, it is harder to reconcile 412 D2O resistant mutants with the observed pleiotropic phenotypes, and although heavy metals, Yeast strains and techniques 455 The fission yeast strains that were used in this study are all derivatives of the wild type 972h -and 456 975h + heterothallic strains that either carry no auxotrophic markers (no marker wild type), or the three NucleoCounter NC-3000 (ChemoMetec) as described by the manufacturer.
474
To monitor cell cycle progression, cultures treated or untreated with D2O, were stained with SYTOX 475 Green and the cellular DNA content was quantified using a NucleoCounter NC-3000 (ChemoMetec) 476 as described by the manufacturer.
478
Cell imaging and microscopy 479 Calcofluor white (Sigma) staining was used to monitor cell septation as described previously [82] . Whole cell lysates were prepared with TCA and glass beads as described [84] . Proteins were resolved 568 by SDS-PAGE on 12% acrylamide gels and subsequently transferred to nitrocellulose membranes 569 (0.2-μm pore size, Advantec, Toyo Roshi Kaisha Ltd.). The blots were blocked in PBS (133 mM 570 NaCl, 2.7 mM KCl, 6.5 mM Na2HPO4, and 1.5 mM KH2PO4 (pH 7.4)) with 5% fat-free milk powder 571 and 0.01% Tween 20. The antisera, diluted 1:1000, were as follows: anti-HA (clone 3F10, Roche), glucose-6-phosphate (G6P) signal in D2O and H2O exposed cells following incubation with 13 C6-d7-875 labelled glucose for 10 minutes. The error bars indicate the standard deviation (n=4). (C) Glucose 876 metabolic pathways when S. pombe cells are exposed to D2O and H2O. Metabolites identified in panel 877 A are highlighted in red. Glucose in its β-form is in both D2O and H2O buffers converted into 878 gluconate (GA) and further into 6-phosphogluconate (6PGA) in the pentose phosphate pathway 879 (PPP). In D2O, the α-form of glucose-6-phosphate (α-G6P) is accumulating whereas the β-form is 880 metabolized more rapidly. Contrary, in H2O, no accumulation of α-G6P can be detected. An 881 explanation for this difference is an altered activity of glucose-6-phosphate isomerase (GPI, EC 882 5.3.1.9) when the cells are exposed to D2O. This enzyme catalyzes the isomerization reactions 883 between α-G6P and β-G6P, α-G6P and β-F6P, and β-G6P and β-F6P (blue reactions). 
Figure legends

